Vitamin A (retinol) is essential for normal mammalian development. However, its biological activity depends upon its conversion to retinoic acid (RA), a local mediator of cellular proliferation and differentiation. Previous studies have shown that embryonic RA is found specifically in tissues known to depend upon vitamin A for normal development and that its production follows uptake of maternal retinol. The aim of this study was to identify the mechanism for tissue-specific generation of RA in developing rat embryos. Here we show immunohistochemical localization of the retinol binding protein receptor, cellular retinol binding protein, retinol dehydrogenase and retinal dehydrogenase in rat embryos (presomitic to the 25-30 somite pair stage). These proteins are proposed to be responsible for cellular uptake of retinol, its intracellular transport and its conversion to RA. Thus, they potentially constitute the entire metabolic pathway from vitamin A to RA. All four proteins were detected specifically in tissues that are known to depend upon vitamin A for normal development including the yolk sac, heart, gut, notochord, somites, sensory placodes and the limb. Furthermore, our previous studies have demonstrated that uptake of retinol into the yolk sac depends upon a retinol binding protein receptor. Here we provide evidence that this mechanism functions also in the heart. Colocalization of cellular retinol binding protein, retinol and retinal dehydrogenase with the retinol binding protein receptor in tissues dependent upon vitamin A for normal development suggests that coordinate functioning of these proteins is responsible for cellular uptake of circulating retinol and its metabolism to RA. This is the first evidence of a tissue-specific mechanism for generation of RA from its precursor retinol in the developing embryo.
Introduction
Vitamin A (retinol) circulates in the blood of vertebrates bound to retinol binding protein (RBP) at an homeostatic level. The retinoic acids (RAs) (all-trans-and 9-cis-retinoic acid) are the active derivatives of retinol and are ligands for a family of transcription factors called RA and retinoid X receptors (RAR/RXRa, b and g) (Chambon, 1996) . RA activated RAR/R XR's are believed to mediate the function of vitamin A by binding RA response elements in the promoter region of numerous target genes (Chambon, 1996; Kastner et al., 1997) . Because at least one of the RAR and/or RXR subtypes is expressed in most, if not all cells examined so far, an important part of cell-specific regulation of such genes must reside in the control over the availability of the activating ligands.
There is no evidence for a central endocrine production of RA and it is clear that plasma RA can not be the source of ligand for all cells (Kurlandsky et al., 1995) . It is more likely that local production is involved. Such production might then be regulated by the induction of the necessary biochemical elements to gain access to the substrate retinol and mediate its conversion to RA. Candidate proteins forming part of this machinery have already been described. For instance, a 63 kDa protein (p63) has been identified previously as an RBP-receptor (Båvik et al., 1991 (Båvik et al., , 1993 and has been demonstrated to mediate the cellular uptake of retinol from RBP (Sivaprasadarao et al., 1994; Båvik et al., 1995; Ward et al., 1997) . The p63 protein will subse-quently be referred to as the RBP-receptor (RBPr). Furthermore, embryonic accumulation of retinol has been demonstrated to selectively occur in cells that express cellular retinol binding protein (CRBP I) (Gustafson et al., 1993) . CRBP I is a high affinity intracellular retinol-binding protein (Ong et al., 1994) . Several retinol dehydrogenase enzymes (RoDH) belonging to the short chain alcohol dehydrogenase (SCAD) family have been identified that are able to catalyze the first and rate limiting step in the production of RA (Chai et al., 1995a (Chai et al., ,b, 1996 . An important feature of these enzymes is their ability to gain access to retinol bound to CRBP I (Napoli, 1993) . The final step to generate RA involves the retinal dehydrogenases (RalDH) (Bhat et al., 1995; Saari et al., 1995; Penzes et al., 1997) .
It is likely that spatially and temporally regulated production of RA is required for proper embryonic patterning and morphogenesis. This is evidenced by the well characterized effects of vitamin A deficiency and RAR/R XR mutations on embryonic development. Maternal vitamin A deficiency (VAD) leads to embryonic death or a large number of congenital malformations, known collectively as the Vitamin A deficiency syndrome (Wilson et al., 1953) . The VAD syndrome describes specific malformations which are different from the teratogenic effects of RA excess (Morriss, 1972; Kistler, 1981; Morriss-Kay et al., 1994) . The good correlation between these VAD malformations and the areas that have now been shown to require active RARs strengthens the conclusion that these are the major sites that depend upon endogenous RA (Rossant et al., 1991; Balkan et al., 1992; Kastner et al., 1997) . The primary source of vitamin A for the embryo is in the form of RBP-retinol produced by the yolk sac (Båvik et al., 1996) . If the candidate proteins believed to be necessary for producing RA (i.e. RBPr, CRBP I, RoDH, RalDH) are indeed involved in RA production, they should be found at these sites. We examined the distribution of the proteins RBPr, CRBP I, RoDH and RalDH in the developing rat embryo by immunohistochemistry and observed a striking temporal and spatial co-localization of all four proteins to those sites of congenital malformations resulting from VAD and/or in RAR/R XR mutants. Similarly most of these sites have been shown to contain RA (Thaller and Eichele, 1987; Mendelsohn et al., 1991; Hogan et al., 1992; Scott et al., 1994; Horton and Maden, 1995) . This strongly indicates that regulated uptake of retinol and generation of RA by these proteins is an essential part of the complex signaling that directs development and that sites of expression may indicate a need for local RA production.
Results
We examined a number of sites in the developing rat embryo for immunohistochemical detection of the proteins RBPr, CRBP 1, RoDH and RalDH. The anti-CRBP I immunohistochemical results presented in this study verify and extend previous immunohistochemical localization's of embryonic CRBP I (Maden et al., 1990) . For ease of presentation the distribution patterns will be described as they appear in the developing tissues and an overview of the qualitative results is presented in Table 1 .
Heart
We found that the developing heart was the strongest site of staining for the studied proteins during early embryogenesis. In the early headfold stage embryo, differentiation of the coelomic mesothelial cells lining the ventral wall of the intra-embryonic coelom form the cardiogenic plate. Somite pair (SP) 1-3 stage cardiogenic plates strongly stained with antiCRBP I, -RBPr, -RoDH and -RalDH Ig are shown in Figs. 1A,BC and 4B. The whole developing heart, including the out flow tract, remained the strongest staining tissue in the embryo for all four proteins at the 8-12 SP stage (Figs. 1D-F and 4C) and indeed throughout this study (up to the 25-30 SP stage).
Axial mesenchyme and neural tube
CRBP I could be detected in the notochordal plate in the 1-3 SP embryo (data not shown) and all four proteins collocated in the notochord at the 8-12 SP stage (Figs. 1G-I and 4C). Weak staining for CRBP I and RalDH could be seen in the anterior neural folds of the 1-3 SP stage embryo. At the 8-12 SP stage strong staining for CRBP I, could be seen in the floorplate as previously reported (Maden et al., 1990) . Immunohistochemical staining of 25-30 SP embryos detected all four proteins at the same locations mentioned above for the 8-12 SP stage with the exception that anti-CRBP I now also strongly stained the presumptive basal plate (data not shown).
The somites have begun to differentiate at the 25-30 SP stage. The most ventral medial cells of the somite, the scleratome, migrate away from the somite to form the vertebral chondrocytes under the influence of signals from the notochord. The remaining cells form the dermamyotome, a double layered epithelium which gives rise to an inner myotome (the future vertebral muscles) and an outer dermatome (prospective dermis). CRBP I. RBPr, RoDH and RalDH proteins were detected in the myotome (Figs. 2A-C and 4D ). Interestingly, RBPr, CRBP I, RoDH and RalDH proteins were also detected in the surface ectoderm immediately above the differentiating somites (Figs. 2A-C and 4D).
Embryonic endoderm. gut and its derivatives
Anti-RalDH stained the definitive endoderm of the 1-3 SP stage embryo (Fig. 4B) , but starting at the 8-12 SP stage and throughout later stages all four proteins could be detected in gut epithelium including the foregut diverticulum ( Fig. 1D-F and data not shown). Staining in the foregut for each protein was consistently weaker than in the hind-gut, with protein levels appearing to decrease gradually in a posterior to anterior direction.
At the anterior end of the digestive tube the roof of the oral region forms Rathke's pouch, the future glandular part of the pituitary. RBPr, CRBP I, RoDH and RalDH proteins could be detected in Rathke's pouch at 8-12 SP stage ( Fig.  1D-F and data not shown) but had disappeared at the 25-30 SP stage. On the ventral surface of the anterior foregut endoderm at the level of the aortic sac, a swelling of the endothelium is the first sign of the future thyroid gland. This endodermal structure stained for RBPr, CRBP I and RoDH (Fig. 1D,F and data not shown). Staining for RalDH was not examined.
Optic and otic placodes
The 25-30 SP lens placode stained for all four proteins (Figs. 2G-I and Fig. 4E ).
RBPr, CRBP I, RoDH and RalDH were first detected throughout the otic placode at the 8-12 SP stage. Staining appeared limited to the structures closest to the surface ectoderm in the otic vesicle at the 25-30 SP stage (Figs. 3A-C and Fig. 4F ). The otic vesicle later forms the inner ear.
Limb
At the 25-30 SP stage the forelimb bud is evident as a symmetrically distinct mound of tissue sloping to the body wall. As yet there are no cartilaginous condensations present and the apical ectodermal ridge is just beginning to form. Staining for RBPr, CRBP I, RoDH and RalDH was restricted to the dorsal ectoderm and the most proximal mesenchyme (Figs. 3D-I and 4G).
Diaphragm
Strong staining for all four proteins was detected in the septum transversum and pericardio-peritoneal canals starting at the 8-12 SP stage ( Fig. 1G-I and data not shown).
Placentation
Immunohistochemical staining of presomite (day 8.5 p.c.) rat embryos revealed the presence of all four proteins in the ectoplacental cone and the presomitic extraembryonic endoderm which forms the visceral endoderm of the yolk sac (Figs. 4A and 5A-C). Staining for RBPr, CRBP I and RoDH was also evident in extraembryonic ectoderm. The At the 1-3 SP (day 9.5 p.c.) stage RBPr, CRBP I, RoDH and RalDH proteins remained in the ectoplacental cone but the allantois was devoid of staining (data not shown). This staining pattern remained throughout the later stages in this study (through 25-30 SP stage, day 11 p.c.).
Uptake of [ 3 H]retinol to embryonic hearts
We investigated further the possibility of RBP-receptor mediated uptake of retinol to the heart since it was the strongest staining organ in the embryo for RBPr (and the other proteins in this study). Day 10 p.c. embryonic hearts incubated overnight (18 h) in the presence of 0.3 mM [ 3 H]retinol-RBP showed a 6.7-fold higher content of radio-labeled retinol and retinylester than did hearts incubated with the addition of 11.7 mM unlabeled holo-RBP. The experiment was performed in duplicate and representative data is shown in Fig. 6A ,B.
Discussion

Heart
The developing heart and its aortic arches are the most sensitive embryonic tissues to variations in vitamin A status, with both maternal hypo-and hypervitaminosis A causing cardiac malformations (Warkany and Schraffenberger, 1946; Wilson and Warkany, 1949; Morriss, 1972) . Development of the heart is also very sensitive to RAR/R XR null mutations (MacCabe et al., 1974; Mendelsohn et al., 1994; Sucov et al., 1994) . Furthermore, the presence of RA in the precardiac region at early stages of development is indicated by the upregulation of the RA-inducible RARb2 (Smith, 1994 ) and more directly demonstrated using an anti-RA monoclonal antibody (Twal et al., 1995) .
In the more mature heart, deficient myocardial development and malformations of the outflow tract/aortic arches and interventricular septa are a hallmark of congenital VAD (Wilson and Warkany, 1949) . Ventricular chamber hypoplasia and muscular ventricular septal defects is also commonly seen in RAR/R XR null mutant mice. In addition to morphogenesis, retinoids may also be important in anteriorposterior patterning of the heart tube since RA treatment of undifferentiated anterior heart tissue in vitro will direct it to a more posterior identity as judged by induction of atrialspecific myosin heavy chain (Yutzey et al., 1995) . This is supported by the observation that the atrial-specific myosin light chain 2a is aberrantly expressed in the ventricle of RXRa mutant mice (Dyson et al., 1995) . The presence of all four proteins in cardiogenic tissue indicates that a metabolic pathway exists to provide locally the RA necessary for normal development.
Axial mesenchyme and neural tube
The notochord is believed to provide important signals for proper development of the neural tube and the somites (Goulding et al., 1994; Sasai and DeRobertis, 1997 ). An excellent candidate for the signaling molecule emanating from the notochord is the secreted protein sonic hedgehog (SHH) (Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) . We have previously shown that embryonic RA generation from RBP-carried retinol is necessary for SHH expression in the notochord (Båvik et al., 1996) . The prominent notochord-staining for RBPr, CRBP I, RoDH and RalDH strongly argues that RA is produced in the notochord itself.
No aberrations of somite-derived muscle development have been noted during conditions of VAD or in retinoid receptor mutants but several genes involved in skeletal myogenesis such as Myf-5 and myosin light chain 1/3 have been shown to be regulated by RA (Carnac et al., 1993; Xiao et al., 1995) . The co-expression of all four proteins in the myotome raises the possibility that myogenic cells of both the somite and heart (see Section 3.1) utilize RA.
All four proteins studied could be detected in the surface ectoderm immediately overlying the somites. However, no need for RA has been established for this tissue. (D-F) Show staining of the heart (he) and foregut in saggital sections of a 8-12 SP embryo while (G-I) are transverse serial sections at the level of the hepatic diverticulum, showing strong staining in the notochord (n) and the mesenchyme of the lateral body wall (m). The anterior of the embryo in (A-F) is to the left. Abbreviations: cp, cardiogenic plate; he, heart; m, mesenchyme of the lateral body wall; n, notochord; ne, neuroepithelium of the cephalic neural fold; nt, neural tube; pos, preotic sulcus; pc, pericardio-peritoneal canal; Rp, Rathke's pouch; s, somite; tg, thyroid gland (presumptive); vye, visceral yolk sac endoderm. Scale bar, 50 mm. 
Embryonic endoderm, gut and its derivatives
RA is required for SHH expression in the hindgut (Båvik et al., 1996) , as observed for SHH expression in the notochord (see Section 3.2). The staining for all four proteins gradually increased in a posterior direction in the gut endoderm. This graded distribution along the anterior-posterior (A-P) axis of the gut is interesting in view of the suggestions that RA is important for A-P patterning along the body axis (Chen et al., 1994; Conlon, 1995) .
In conditions of fetal vitamin A deficiency, the pituitary gland was not noted as being abnormal. However, in mutant mice strains lacking more than one nuclear receptor for RA, glandular defects including agenesis of the gland and/or the duct have been described for the pituitary . Similarly, fetal VAD has been reported to hold no developmental significance for the formation of the thyroid gland, but certain RAR double-mutant mice strains suffer agenesis of the thyroid gland and/or the duct . The observations in these RAR − / − mutant mice are consistent with the postulate that the presence of the proteins in the gut derivatives is of developmental significance.
Optic and otic placodes
Anophtalmos (missing eyeballs) was the first congenital malformation observed following maternal VAD (Hale, 1933) . More recent reports show that the initial eye defect in VAD is a failure to form the lens placode (Båvik et al., 1996) and similarly, in animals lacking some of the nuclear receptors necessary for mediating the retinoid signal, agenesis of the lens, aphakia and shortening of the ventral retina have been reported (Warkany and Schraffenberger, 1946; Lohnes et al., 1994) . The eye forms as the 25-30 SP stage optic vesicle reaches the surface ectoderm and its outer sur- face (closest to the surface ectoderm) indents to form the optic cup. Meanwhile, the adjacent lens placode arises as an inductive response of the surface ectoderm to contact with the optic vesicles (Spemann, 1901 (Spemann, , 1938 Lewis, 1904; Saha et al., 1989) . RA activity has been detected in the developing lens by two transgenic mouse strains constructed to report RA activity during embryogenesis using a b-galactosidase gene linked to a RA-response element (RARE) (Rossant et al., 1991; Balkan et al., 1992) . Furthermore, the molecular basis for the need of RA during lens development was established by the finding that the g-crystalline promoter contains an RARE essential for crystalline expression (Tini et al., 1993) .
Together these findings strongly argue the need for RA during lens development and the expression of RBPr, CRBP I, RolDH and RalDH proteins in the developing lens tissue is striking.
The occurrence of congenital ear malformations during conditions of both VAD and RA excess (Hale, 1933; Kessel, 1992; Frenz et al., 1996) demonstrates that a stable supply of retinoids is necessary for proper development of the ear. The presence of the four proteins in the otic placode and vesicle is consistent with those observations.
Limb
It has recently been demonstrated that RA is necessary for limb bud outgrowth (Stratford et al., 1997) . We report here that the mesenchyme of the lateral body wall of the 8-12 SP embryo stained strongly for all four proteins (Figs. 1G-I and 4C) suggesting local production of RA by lateral plate mesenchyme prior to limb bud outgrowth.
Besides early limb induction, RA may also act during later patterning, as suggested by the discovery that local applications of RA to developing chick wings results in alterations of limb skeletal pattern (Tickle et al., 1982 ). The precise spatio-temporal location of RA in limb buds is still unclear. Biochemical detection of RA in limb buds used both epithelium and mesenchyme for analysis (Thaller and Eichele, 1987; Saha et al., 1989; Chen et al., 1992; Sucov et al., 1994) . However, an antibody raised against RA showed that RA-distribution in the chick limb bud was general in the mesoderm of the emerging bud, but became progressively restricted to the ectoderm and mesoderm directly beneath (Tamura et al., 1990) . This report of RA distribution in the chick limb is consistent with the dorsal ectoderm restricted staining pattern of the proteins described here.
Diaphragm
The need for retinoids during further development of the septum transversum and pericardio-peritoneal canals is indicated by the finding that diaphragmatic hernia occurs in both double RAR knock outs and congenital VAD (Wilson et al., 1953; Mendelsohn et al., 1994) . 
Placentation
Besides the above mentioned participation of retinoids in the development of the embryo proper, retinoids are also important for development of extra-embryonic tissues. The visceral yolk sac is the site of placentation at these early stages. Staining for all four proteins in the visceral yolk sac endoderm indicates that this tissue not only is the primary site for embryonic uptake of retinol (Soprano et al., 1986; Ward et al., 1997) but also probably generates RA. The requirement for RA in order that a functional connection forms between the yolk sac vasculature and the embryonic heart has been shown in quails (Dersch and Zile, 1993) and mice (Båvik et al., 1996) . The aetiology of the VAD-malformation in the mouse yolk-sac vasculature was linked to failure of TGFb1 expression in the yolk-sac endothelium. The presence of all four proteins in the yolk sac endothelium thus implies that RA-dependent Tgfb1 expression in the yolk-sac endothelium may be supported by autocrine RAproduction from RBP-carried retinol.
Gastrulation
Considering the strong correlation between the embryonic sites sensitive to variations in retinoid signaling and coexpression of the biochemical elements to generate RA noted above, it was surprising to discover that all four proteins were apparently absent from the presomite primitive streak (Figs. 4A and 5A-C, and data not shown) even though the node of the gastrulating embryo has been reported to contain RA (Chen et al., 1992) . It is possible that the mode of RA-signaling in the primary induction that leads to gastrulation is different from that of the secondary inductions mentioned above. In this context it is interesting to note the expression of a non-SCAD retinol oxidizing enzyme, class IV alcohol dehydrogenase, in the primitive streak of the day 7.0 p.c. mouse (Ang et al., 1996) . ]retinol could readily be competed for by an excess of unlabeled holo-RBP. This indicated that uptake of retinol to the embryonic heart was mediated by a specific RBP-receptor, consistent with the strong anti-RBPr staining. We have recently demonstrated that RBPr also participates in the initial uptake of retinol from maternal RBP-retinol in the rat yolk sac (Ward et al., 1997) . It is thus likely that RBPr expression can be used as a marker of embryonic cells able to accumulate RBP-carried retinol.
RBP-receptor mediated uptake of [
The hearts and the media were also analyzed for the generation of RA after incubation with radiolabeled retinol but only very low levels of labeled RA could be detected (data not shown). This was surprising in light of previous studies detecting RA driven gene expression in the heart (Mendelsohn et al., 1991; Rossant et al., 1991) . The reason for the low level of RA production in the heart is not readily apparent but it can be assumed that only very low levels of RA needs to be produced for an autocrine function.
.Conclusions
This study describes sites of distribution of proteins suspected to be in the metabolic pathway from circulating retinol to RA in the rat embryo. Strikingly all four proteins were present together in the same embryonic tissues that are susceptible to the malformations caused by maternal VAD and/ or are malformed in mutant mice lacking combinations of nuclear retinoid receptors. This leads us to suggest that limited and co-regulated expression of the proteins needed for substrate-uptake (RBPr), intracellular transport (CRBP I) and catalysis of the synthetic pathway (RoDH and RalDH) is used as a mechanism for local synthesis of RA in developing embryos. It also provides support for the contention that these are indeed the physiological players.
Future studies will reveal if this mechanism provides the means to regulate the retinoid-dependent signals that direct embryonic development.
Experimental procedures
Generation of antibodies
Several related RoDH's belonging to the SCAD family have been isolated and their corresponding cDNA's cloned (Chai et al., 1995a (Chai et al., ,b, 1996 Simon et al., 1995) . Sequence alignment of the RoDH's identified a region that was conserved between the retinol processing enzymes but not shared with other SCAD enzymes (Persson et al., 1991) . The amino acid sequence from this region, position 276-288 in RoDH I, was used as a basis for the design of a 14 amino acid peptide with the sequence: HPRTRYSPGW-DAKC. RoDH I-peptide (1.5 mg; Peptidogenic, Livermore, CA, USA) was coupled to 2 mg pre-activated keyhole limpet heamocyanin (Pierce, Rockford, IL, USA) and 280 mg was injected into a NZW rabbit (R1102) using TiterMax adjuvant (CytRx, Norcross, GA, USA). RoDH-peptide (0.9 mg) was coupled to activated thiol sepharose 4B (Pharmacia, Piscataway, NJ, USA) and used for affinity purification of Ig from harvested R1102 sera.
The specificity of the affinity purified R1102 Ig was tested by protein blotting of 50 mg each of RPE and liver microsomal protein and 8 mg pure d-b-hydroxybuturate dehydrogenase separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) using standard techniques. Microsomes were isolated from bovine retinal pigment epithelium (RPE) and rat liver as described (Båvik et al., 1991) . The R1102 Ig specifically detected a protein with a relative molecular mass (34 kDa) corresponding to RoDH I in liver and 11cis-RoDH in RPE but not the closely related d-b-hydroxybuturate dehydrogenase (Tsigelny and Baker, 1996) (Fig. 7A,B) , demonstrating that R1102 Ig is specific for a subgroup of SCAD's containing the conserved motif shared by 11cis-RoDH and RoDH I. db-Hydroxybuturate dehydrogenase was a kind gift from Dr. P. Churchill (Churchill et al., 1992) .
Similarly, the rat cDNA sequence for a cytosolic aldehyde dehydrogenase with high activity for oxidation of retinal to RA has recently been reported by several groups (Bhat et al., 1995; Penzes et al., 1997) . A related protein has also been reported in the mouse and bovine (McCaffrey et al., 1991; Saari et al., 1995) . Sequence alignment of the aldehyde dehydrogenases identified a region that was identical between the rat retinal processing enzymes but not in other aldehyde dehydrogenases. The amino acid sequence from this region, position 294-308 in rat kidney aldehyde dehydrogenase (ALDH), was used as a basis for the design of a 15 amino acid peptide with the sequence: GVFYHQ-GQCCVAASR. Retinal dehydrogenase (RalDH; 2 mg) peptide was coupled to 2 mg keyhole limpet heamocyanin using the Immject Immunogen conjugation kit according to instructions by the supplier (Pierce, Rockford, IL, USA). Immunization and purification of anti-RalDH antibodies (R531) was essentially as above, with the exception that 3 mg RalDH-peptide was immobilized for affinity purification of Ig using an EDC/Diaminodipropylamine immobilization kit (Pierce, Rockford, IL, USA). The specificity of the Ig preparation was demonstrated in a protein blot of 50 mg kidney cytosol proteins where affinity purified anti-RalDH Ig specifically detected a protein with a relative molecular mass (55 kDa) equivalent to ALDH (Fig. 7D) .
Affinity purified anti-RBPr Ig was generated essentially as described before (Båvik et al., 1992) and its specificity for p63 was demonstrated by a protein blot of RPE microsomal proteins (Fig. 7C) . The affinity purified anti-CRBPI Ig has been described (MacDonald et al., 1990) .
Immunohistochemistry
The cell-specific distributions of CRBP I, RBPr and RoDH proteins were analyzed using standard immunohistochemical techniques. The expression pattern is represented by brown color. The tissue preparation, and immunohistochemical technique have been described (Wardlaw et al., 1997) . No immunohistochemical staining could be detected in tissue processed in the absence of primary antibody (Fig. 8G) .
Known sites of expression of CRBP I, RBPr, and RoDH were examined to confirm the utility of the Ig preparations for these studies. The liver is reported to be the main site of expression of RoDH I in adult rat and the ability of R1102 Ig to immunohistochemically detect RoDH I was verified by strong staining of hepatocytes. However, strong staining was also seen in the epithelium lining the collecting duct in the kidney, an organ reported to express mainly RoDH II and only very low amounts of RoDH I (Chai et al., 1995a,b) (Fig. 8A,B) .
The amino acid sequence of RoDH I used for immunization differs from other recently characterized retinol processing SCAD's (RoDH II and III) only by a proline to alanine change at position 283. The possibility of cross-reaction with RoDH's other than RoDH I is probable and staining with R1102 Ig will be refereed to as 'anti-RoDH' without isotype distinction in this article. RalDH has been reported to be expressed in rat kidney (Bhat et al., 1995) . This observation was verified by immunohistochemical staining with anti-RalDH Ig, where it, like anti-RoDH Ig, stains the epithelium lining the collecting duct (Fig. 8C) .
The anti-RBPr and anti-RoDH affinity purified Ig was titered by immunohistochemistry on sections of adult rat retina, a well known site of expression of RBPr and 11cis-RoDH. As expected from previous results (Båvik et al., 1992; Simon et al., 1995) , both Ig fractions strongly immuno-stained the RPE (Fig. 8D,F) . Immunohistochemistry using anti-CRBP I stained the RPE as previously reported (Bok et al., 1984) (Fig. 8E) . Interestingly, the RPE cells stained strongly with all antisera used in this study except anti-Ral/RalDH (data not shown). The lack of RalDH in the RPE is likely to be of physiological importance since the abundant 11-cis retinal generated here is destined for the visual process.
We noted at some sites (e.g. notochordal plate) that early detection of CRBP I and/or RBPr was, at later stages, joined by staining for RoDH and RalDH. While it is possible that expression of the proteins is activated sequentially with the enzymes appearing last, the possibility that the enzymes remained under the limit of detection longer due either to lower intracellular concentration or lower affinity of the peptide-raised Ig can not be excluded. Immunohistochemical staining for RalDH could not be performed on sections adjacent to those used for the other antibodies since the small size of the embryos limited the number of sections available and this reagent was produced during the course of this work.
Labeling of retinol binding protein and uptake analysis
Human RBP was purified and complexed with [ 3 H]retinol (NET-927, DuPont NEN, Boston, MA, USA) and diluted to produce 0.10 Ci/mmol retinol-RBP complex) as described (Davis and Ong, 1995) . Hearts were isolated from day 10 p.c. rat embryos and incubated overnight with 0.3 mM radiolabeled retinol-RBP complex in BJGb medium containing 2 mg/ml BSA (Sigma Chemical, St. Louis, MO, USA), with or without 11.7 mM unlabeled RBP. Twenty-three hearts were used for each experimental condition. After incubation the hearts were rapidly washed three times with media followed by extraction and HPLC analysis as described (Bucco et al., 1996) .
